Abstract -This paper presents a double-porosity model for describing the moisture flow in unsaturated concrete. The two porosities used in the model represent the small pores of nanoscale and large pores of micro-scale, both of which are partially saturated with the moisture transport described by Darcy's law but with different transport properties. The model is applied to investigate the internal variation of saturation in a concrete in response to the change of humidity in the environment where the concrete is exposed. It is found that during wetting and drying cycles, the desaturation zone in concrete created in the first cycle expands continuously during the subsequent drying-wetting cycles. The wetting and drying cycles can push the desaturation zone from the surface layer into inner concrete gradually. This feature has not been explored in existing transport models.
Introduction
Concrete is a porous material with pore sizes ranging from a few tenths of nanometres to several tens of micrometres. The concrete is referred to as a saturated concrete if the pores inside it are filled with water. Otherwise, it is called unsaturated concrete if the pores are occupied by water and air. When a concrete is subjected to wetting and drying cycles the degree of saturation of the pore space of the concrete can depend on different factors such as relative humidity and the previous exposure of the concrete to moisture. If the moisture content inside a concrete material is less than its saturation level, water may be absorbed into the concrete by large capillary forces arising from the contact of the very small pores of concrete with the liquid phase. This is an important mechanism of water flow into concrete, which is often observed in field applications subjected to wetting and drying cycles.
Existing experimental results have shown that the penetration of chloride ions in concrete subjected to wetting and drying cycles is considerably different from that in saturated environment [1] . It was also found that, due to the influence of water flow in concrete driven by wetting and drying the chloride diffusion profiles are quite different from those obtained in completely wetted concrete [2] . In literature the unsaturation effect on chloride penetration in concrete has been taken into account largely by modifying the diffusion coefficient of chlorides [3] . However, wetting and drying cycles can frequently change the degree of saturation of concrete and thus it is difficult and also not very accurate by simply employing a saturation-dependent chloride diffusion coefficient to predict the chloride penetration since, in most cases, the degree of saturation in a concrete is not uniform.
Efforts have been made to model the transport of both the water and chloride ions in concrete. For example, Wang et al. [4] developed a transport model of ionic solution and ionic species in an unsaturated concrete by considering the electrostatic interaction between different ionic species. Jin et al. [3] proposed a chloride transport model by taking into account the influence of both initial and surface saturation due to wetting and drying cycles. Emiko et al. [5] presented an experimental investigation into the factors affecting the sorption of water, chloride ingress and permeability of water into lightweight aggregate concrete. BastidasArteaga et al. [6] proposed a probabilistic mathematical model for chloride penetration in unsaturated concrete using random variables to represent the model parameters, material properties, and stochastic processes to environmental actions. Sleiman et al. [7] presented a numerical model and the experimental validation on chloride transport in partially saturated concrete coupled with moisture transport in the concrete. Nguyen and Amiri [8] proposed a physical model of chloride ingress in concrete with consideration of electrical double layer in unsaturated concrete by solving multi-component ionic transport equations coupled with those of humidity. Wang and Ueda [9] presented a lattice network model based on the mesoscale composite structure of concrete to analyse the penetration property of concrete; especially the effects of microcracking induced by freeze-thaw damage on the unsaturated flow behaviour. Recently, Geng et al. [10] devloped a new, coupled transport model of ionic species and ionic solution in unsaturated concrete by taking into account the osmotic effect of ionic concentration on the transport of ionic solution due to the small pore sizes in concrete.
Note that all of the aforementioned transport models describing for water flow were developed based on the simplified assumption that the concrete pore system is macropores, which are partially saturated with transport driven by the gradient in the vapour pressure of pore water. In reality, however, the concrete pore system has varying pore sizes, ranging from nano-scale C-S-H (calcium silicate hydrates) gel pores to micro-scale capillary pores [11, 12] . In addiiton, voids greater than capillary pores may also exist, either from unintentional entrapment of air during the mixing procedure or from intentional air-entrainment, which purposefully disperses air voids throughout the paste to relieve pressures induced from the freezing of water in pores. According to the physical thermodynamic models of condensation and adsorption, the behaviour of water flow in nano-sclae pore system will be significantly different from that in micro-scale pore system, not only because the smaller pores have larger capillary actions, but also because there is chemical bond effect on the small-size pore surface which makes water difficult move. Therefore, to better describe the overall transport behaviour of the moisture in unsaturated concrete, it is necessary to distigush the transport features of the micro-and nano-scale pores in concrete. In this paper, a double-porosity model is presented to describe the flow of moisture in unsaturated concrete. In the two porosities one represents the large pore system and the other represents the small pore system, both of which are partially saturated with the moisture transport described by Darcy's law but with differently defined transport properties. The interference of the two pore systems is described by an interflow between them.
Double-porosity transport model
The concept of the double-porosity was developed in early 1960s for modelling the flow of a single component in a single phase within a naturally fractured reservoir (see, for example, [13] ). Later, the concept has been applied to water transport in dolostones [14, 15] , ionic transport in soils [16] , ionic solution flow in fractured rocks [17] , modelling of groundwater flow [18] , modelling of waste and contaminant transport in soils [19, 20] , modelling of fluid flow in pavement [21] , modelling of chloride penetration in concrete [12] , investigation of interaction between ordinary Portland cement and opalinus clay [22] , and study of the characteristic behaviour of a permeable medium containing regions which contribute significantly to the pore volume of the system but negligibly to the flow capacity [23] . The mathematical derivation of the double-porosity model for general porous materials was provided in references [24, 25] . Recently, the double-porosity model has been further applied to the acoustic modeling of perforated concrete [26] and the investigation of concrete creep induced by moisture flow [27] . The central to the double-porosity approach is the assumption that the medium can be separated into two distict pore systems, both of which are treated as homogeneous media with seprate hydraulic transport properties. However, the mass transports in the two systems are coupled by using a term charcterising the exchange of mass in response to the pressure difference in the two systems. The double-porosity medium is considered to be a superposition of these two systems over the same volume. Hence, macroscopically, the porous medium at any point in time and space is characterised by two mass contents, two flow velocities, and two pressures defined in the two systems, respectively [28] [29] [30] .
Consider the moisture flow in a concrete, which is made of a microscopically inhomogeneous porous matrix filled with moisture. Let be a representative elementary volume (REV) of the porous material and  f be the volume occupied by the fluid phase in   through which water and air are able to travel. The porosity of the porous material thus can be expressed as follows,
where  is the porosity of the concrete. The pores are now divided into two pore groups according to their sizes, namely the small pores and large pores. The former represent the gel pores and the latter represents the capillary pores and large voids. Let  f1 and  f2 be the volumes of the small and large pores in , respectively. Hence,
. The porosity of the material can be also expressed as follows,
where   and  are the porosities of the small and large pores, respectively. Let  be the external surfaces of the REV and 1 f  and 2 f  be the external surfaces of  f1 and  f2 , respectively. For most porous materials the following relationship holds between volumetric ratio and external surface ratio in the REV,
Assume that pores are connected not only within each group but also between the groups (see Fig. 1 ). This means that the moisture can transport not only within each group but also between the groups. Based on the mass conservation of moisture in each pore system the following equations can be obtained,
where  1 and  2 are the densities of the moisture in  f1 and  f2 , t is the time, V 1 and V 2 are the flow velocities of the moisture in  f1 and  f2 , and R 12 in kg/(m 3 -s) is the mass exchange rate of the moisture between the small and large pores. According to Darcy's law, the flow velocity of the moisture in a porous material can be expressed in terms of the water pressure. Hence, V 1 and V 2 can be expressed as follows,
is a constant defined as the hydraulic conductivity (which equals the permeability divided by the dynamic viscosity) and P il is the water pressure in  fi (or the partial pressures in the liquid phase of  fi ), which can be expressed as follows (see Fig. 2 ),
where P ig is the partial pressure in the gas phase of  fi and P ic is the capillary pressure in  fi . Assume that the air in the gas phase is the ideal gas, that is
where P atm =101325 Pa is the standard atmosphere pressure. Assume the capillary pressure can be approximated as
where  i and  i are the dimensionless constants that can be determined using experimental data,  i = i / w is the degree of saturation of  fi , and  w =1000 kg/m Fig. 3 shows a comparison of the proposed capillary pressure with those calculated using the empirical formula proposed by Baroghel-Bouny [31] and the ideal gas law [32] . It is noticed from the figure that the capillary pressure proposed here is slightly different from those proposed by Baroghel-Bouny [31] . This is mainly to avoid the numerical difficulty when it is nearly saturated. Substituting Eqs. (6)- (9) into (4) and (5), it yields,
where D i in m 2 /s is the moisture diffusivity in  fi and in the present study it is expressed as follows,
Eq. (12) indicates that the moisture diffusivity is a function of the degree of saturation. Its variation with the degree of saturation depends on the choice of  value. In literature, Eqs.
(10) and (11) are called as Richards' equation [33] . In order to solve for  1 and 2 from Eqs.
(10) and (11), one has to know the mass exchange rate of the moisture between the small and large pores. Assume that the mass exchange rate is proportional to the pressure difference of the two pore systems, that is ) (
where k 12 in m 2 /(N-s) is the constant and P i is the average pore pressure in  fi . Physically, a zero value of k 12 implies that there is no mass exchange between the two systems and thus the transport of moisture in the two pore systems is completely independent. An infinite value of k 12 implies that the mass exchange between the two systems is such fast that the two systems are forced to have identical average pore pressure although they have different transport coefficients. Note that, if the pore is not saturated the volume of  fi will be occupied by both the water and air. Thus the average pore pressure in  fi is expressed as follows (see Fig. 4 )
Substituting Eqs. (7)- (9) into (14), it yields,
Fig . 5 shows a comparison of the average pore pressures calculated using different models.
Two dissimilarities can be observed from the figure. First, for region  i >0.6 the present average pore pressure is slightly higher than those in other three models. Secondly, for region  i <0.2 the present average pore pressure decreases with the increase of the saturation level, which is similar to the ideal gas law but opposite to the Baroghel-Bouny model [31] . Nevertheless, in overall, they are all similar. The coupled mass conservation Eqs. (10) and (11) can be used to calculate the degree of saturation  1 in  f1 and  2 in  f2 , in which the moisture diffusivities are defined by Eq.(12) and the mass exchange rate is defined by Eqs. (13) and (15), provided that the initial condition and boundary conditions for  1 and  2 are also known. Note that, although the interporosity flow coefficient used in the present study is assumed as a constant, in principle, it can be time-dependent or a function of other variables as discussed in other studies [34] [35] [36] .
Simulation of moisture transport due to wetting and drying cycles
The aforementioned moisture transport model is now applied to investigate the internal variation of saturation in a concrete in response to the change of humidity in the environment where the concrete is exposed. In all of the numerical examples shown below, the concrete is assumed to be initially saturated. Thus the initial condition is expressed as
(16) The concrete analysed herein is assumed to have a wall-liked geometry, in which its one dimension is much smaller than its other two dimensions. Thus, the moisture transport in concrete can be simplified into a one-dimensional problem only along its short length represented by x-axis. Assume the problem is also symmetric about the line of x = l where l is the half dimension of the short length. Thus, the two boundary conditions of the degree of saturation can be expressed as follows,
where k si in m/s is the convective coefficient of moisture transfer on concrete surface and  env is the equivalent degree of saturation in the environment where the concrete is exposed. Note that, instead of using a direct saturation boundary condition, Eq. (17) employs a flux boundary condition. This is because the surface moisture concentration in the pore solution may not be exactly the same as the moisture concentration in the environment. It is obvious from Eq. (17) that, if k si →∞ then  i → env . This indicates that Eq. (17) also includes the saturation boundary condition used in the traditional moisture flow models. It should be pointed out that the use of surface flux boundary condition is very common in the heat transfer analysis. For example, the surface temperature of a concrete member exposed to a fire is significantly different from the hot air temperature on the surface, although they are at the same position. Thus, the use of the heat flux boundary condition is more accurate than the use of the temperature boundary condition [37] .
All parameters used in the present numerical simulations are listed in Table 1 . The two porosities representing the small and large pore groups are assumed to be  1 = 0.05 and  2 = 0.15, respectively. The reason for having this assumption is the consideration of interfacial transition zones (ITZs) and micro cracks, which are categorized to the large pores. The two constants ( i and  i ) used to define the capillary pressures are based on the experimental data as demonstrated in Fig. 3 . However, as the smaller the pores the larger the capillary pressure,  1 =2 2 is assumed, indicating that the capillary pressure in the small pores is doubled up.
The assumption of the hydraulic conductivities (K 1 and K 2 ) is based on the published experimental value of moisture diffusivity that varies from 10 -13 to 10 -11 m 2 /s. Again, since the smaller the pores the larger the resistance to the water travel, K 1 =K 2 /10 is assumed. The convective coefficients (k s1 =k s2 = 4.0x10 -7 m 2 /(N-s)) of moisture transfer are assumed purely based on the hypothesis that there will be a small difference between the surface moisture content and the environment moisture content. The coefficient used to describe the mass exchange rate (k 12 =1.0x10 -16 m 2 /(N-s)) between the small and large pores is arbitrarily assumed as there is no available data in literature.
The set of partial differential equations defined by Eqs. (10) and (11) are solved using the "pdepe" solver, a code built in Matlab software, which solves initial-boundary value problems for parabolic-elliptic partial differential equations in one space variable x and time t to modest accuracy [38] . Using the "pdepe" the user needs to write a script to define the functions involved in the partial differential equations and the initial and boundary conditions. The solution is obtained on the user defined spatial mesh and the results are output at user defined times. In the "pdepe" solver the time increment is automatically determined by the solver but the mesh is defined by the user. In general, the denser the mesh used, the more accurate the obtained results. However, in most cases when the mesh reduces to a certain size, the results will remain almost identical for any further reduction in the mesh size. This is normally achieved by using a trial and error method.
As numerical examples, three cases are considered herein for a concrete wall of thickness of 40 mm. Because of geometrical symmetry only a half of the wall is modelled, that is l = 20 mm. In all cases a mesh of 201 equally spaced points is chosen for the half of the wall thickness, which is demonstrated to be small enough to produce accurate results by the trial and error method. The first case is the constant drying, in which the equivalent degree of saturation in the environment is assumed to be  env = 0.15. Fig. 6 shows the internal variation of the degree of saturation in the concrete at four different times, in which Fig. 6a and Fig.6b are for the small and large pore systems, respectively, whereas Fig.6c is the superposition of the two systems. It can be seen from the figure that, during the constant drying process the moisture moves gradually from inside to its exposure surface. Initially, it moves very quickly because of large gradient there. But, after 12 hours, the movement becomes slow and the rate of the movement is found to decrease with the increased time. Because of the assumption used for the hydraulic conductivity, which is ten times smaller in the small pore system than in the large pore system, the moisture flow in the small pore system is expected to be much slow. However, owing to the influence of its large capillary pressure and the mass exchange between the small and large pores the actual flow speed of the moisture in the small pore system is only about a half of that in the large pore system. Also, it can be overserved from the overall moisture distribution profiles shown in Fig. 6c that, due to the use of two porosities, the overall saturation distribution is different from that in either Fig.6a or Fig.6b and the saturation level of the concrete in Fig.6c is higher in the deep zone where the moisture transport takes place only in the large pores, but lower in the shallow zone where the moisture transport takes place in both the large and small pores.
The second and third cases are for the wetting ( env =1) and drying ( env = 0.15) cycles with a period of 24 hrs as shown in Fig.7 . In the second case the change between the wetting and drying follows a rectangular pattern, whereas in the third case it follows a modified sine function pattern. The internal variation of the degree of saturation in the concrete in response to the wetting and drying cycles is shown in Fig.8 for case two and Fig.9 for case three, respectively. It can be seen from Fig.8 that the moisture distribution profiles after a drying period and after a wetting period are significantly different, but the two profiles after a drying (t=12 and t=36 hrs) or after a wetting (t=24 and t=48 hrs) are analogous. The former is similar to the pattern of diffusion curve as shown in Fig.6 , whereas the latter is similar to the pattern of parabolic curve. It is interesting to notice that, although there is a wetting period before the second drying the moisture distribution curve after the second drying period moves forward, which indicates that the wetting period prior to the drying has limited effect on the transport of the inside moisture. This is demonstrated by the moisture distribution curve after the second wetting period (t=24 and t=48 hrs), which shows the moisture content reduces continuously (that is the desaturation zone expands further) after the second drying and second wetting periods. This implies that the drying and wetting cycles can create a "wavelike" movement of the moisture, which can propagate from the surface layer into the inner concrete. This feature has not been reported in literature. Fig. 9 shows the internal variation of the degree of saturation in the concrete in response to the change of humidity in the environment which follows the sine function as plotted in Fig.7 . The main features of Fig.9 are similar to those shown in Fig.8 , and thus are not discussed further. Only difference is the transport speed of the moisture that is slightly slower in Fig.9 than in Fig.8 . As a consequence of this, the desaturation zone is slightly squeezed in the space but expanded in its amplitude, which reflects the difference between the sudden changes and smooth changes in the humidity in the environment. Fig.10 shows the variation of the degree of saturation in the concrete after the drying and wetting (described in case 3) action in 11, 21, 41, and 81 days. It can be seen from the figure that, under the action of a half day drying in each drying-wetting cycle the desaturation zone expands gradually from exposure surface into the inner concrete. Note that, before the desaturation zone reaches to the end boundary (l = 20 mm) the zero flux boundary condition imposed at the end boundary has no influence on the moisture transport. In this case the moisture distribution curve exhibits like a parabolic curve with a clear minimum point. After the desaturation zone reaches to the end boundary (approximately after 22 days exposure), the zero flux boundary condition provides a reflection to the moisture transport, leading the right side of the parabolic curve becomes more platen, while the left side of the parabolic curve remains a sharp decrease. It is anticipated from the pattern and tendency of the curves shown in Fig.10 for different times that, the moisture distribution curve will reach a steadystate. The steady-state curve will have a uniformly distributed moisture in the inner concrete and a reduction distribution in the surface layer (2~3 mm), the latter of which defines the convection zone of the concrete when it is subjected to drying and wetting cycles.
Conclusions
It is well-known that the porosity and pore size distribution can affect the transport of moisture and ionic species in concrete. In this paper we have presented a double-porosity model for describing the moisture transport in concrete. The model has been applied to investigate the internal variation of the degree of saturation in concrete in response to externally applied wetting and drying cycles. From the present study the following conclusions can be drawn:
• The use of two porosities distinguished by pore size together with the consideration of mass exchange between the two porosities can appropriately reflect the transport features of concrete. The model is more accurate in predicting the moisture flow in concrete in response to externally applied wetting and drying cycles.
• During wetting and drying cycles, the desaturation zone in concrete created in the first cycle expands continuously during the subsequent drying-wetting cycles. The wetting and drying cycles can push the desaturation zones from the surface layer into inner concrete.
• For the same amplitude and period, the faster the change from wetting to drying and/or from drying to wetting on the exposure surface of concrete, the quicker the transport speed of moisture and thus the wider of the desaturation zone in concrete. The modified sine function (dash line) is for case three. 
